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Protection of acetylenic monomers is a common practice to avoid parasitic side reactions 
during polymerization. Herein we report that redox initiated RAFT polymerization allows the 
direct, room temperature synthesis of a variety of single-chain nanoparticle precursors 
(displaying narrow molecular weight dispersity, Mw / Mn = 1.12 - 1.37 up to Mw = 100 kDa) 
containing well-defined amounts of naked, unprotected acetylenic functional groups available 
for rapid and quantitative intrachain crosslinking via metal-catalyzed carbon-carbon coupling 
(i.e. C-C “click” chemistry). To illustrate the useful “self-clickable” character of the new 
unprotected acetylenic precursors, single-chain nanoparticles have been prepared for the first 
time in a facile and highly-efficient manner by copper-catalyzed alkyne homocoupling (i.e. 
Glaser-Hay coupling) at room temperature under normal air atmosphere. 
 
                                                 
a
  Supporting information for this article is available at the bottom of the article’s abstract page, which can be 
accessed from the journal’s homepage at http://www.macros.wiley-vch.de, or from the author.  
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Introduction  
Atom economy and waste reduction are two concepts emanating from green chemistry 
philosophy affecting current macromolecular synthesis strategies.
[1,2] 
 In addition, polymer 
versatility is increasingly imposed by several emerging Nanotechnology and Nanomedicine 
end-use applications (e.g. nanoimprinting lithography, theranostic nanomedicines).
 
A good 
example is the synthesis of well-defined statistical copolymers with protected functional 
groups as precursors of individual, unimolecular nanoparticles through intrachain 
crosslinking. Single-chain nanoparticles are emerging soft nanomaterials with promising 
properties for different end-use applications such as processing additives,
[3] 
blend 
compatibilizers,
[4] 
artificial enzymes,
[5] 
photostable bio-imaging agents
[6] 
and drug / siRNA-
delivery systems,
[7]
 among others. Different routes for the synthesis of single-chain 
nanoparticles with size below 20 nm have been progressively introduced relying either on 
covalent
[8]
 or noncovalent
[9]
 intrachain crosslinking.
 
Nevertheless, still a lack of nearly 
monodisperse precursors arising from commercial unprotected monomers allowing facile 
single-chain nanoparticle synthesis via highly-efficient functional group homocoupling (i.e. 
“self-click” chemistry) persists. 
Among others, the acetylenic moiety has revealed as one of the more versatile 
functional groups in organic chemistry
[10]
 showing multiple functionalization possibilities, 
spanning from old Glaser coupling
[11] 
to relatively recent “click”  chemistry procedures.[12] For 
linear macromolecular synthesis, however, protection of the acetylenic triple bond has been 
often necessary to avoid the alkyne side group to be involved in branching events and chain 
transfer reactions during radical polymerization.
 
D´Lalelio and Evers
[13]
 first reported that 
insoluble, crosslinked polymers were formed during radical polymerization of (metha)acrylic 
ester monomers containing acetylenic moieties.
 
The difficulty to avoid secondary reactions 
that increase the polydispersity index (Mw / Mn) has been also noted during polymerization of 
alkyne-based monomers by means of controlled radical polymerization techniques. Hence, 
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Summerling et al.
[14] 
showed that atom transfer radical polymerization (ATRP) of propargyl 
methacrylate (PgMA) results in high polydispersity values and multimodal molecular weight 
distributions (Mw / Mn > 3.3 at 50% monomer conversion), as well as crosslinked networks at 
high conversion (> 80%). Similar results were obtained by Zhu et al.
[15] 
by means of both 
reversible addition fragmentation chain transfer (RAFT) polymerization (Mw / Mn = 2.2 at 42 
% monomer conversion) and single electron transfer (SET) controlled/living radical 
polymerization techniques (Mw / Mn = 1.7 at 40 % monomer conversion), whereas a combined 
SET-RAFT technique provided better control over the homopolymerization process (Mw / Mn 
= 1.55 at 76% monomer conversion). 
 
To some extent, secondary reactions involving the acetylenic moiety could be 
minimized by copolymerization, due to the dilution effect expected when the acetylenic 
monomer is the minority component. Further improved control over the polymerization of 
alkyne monomers would be obtained by performing the process at room temperature and 
without the presence of transition metal catalysts, to reduce the extension of parasitic side 
reactions (branching/crosslinking and alkyne homocoupling, respectively). Due to the 
reported photo-crosslinking of acetylenic monomers during irradiation, radical initiation 
promoted by UV light should be preferably avoided.
[16]
 A more promising approach could be 
the use of a redox initiator system, such as the conventional benzoyl peroxide (BPO) / N,N-
dimethylaniline (DMA) pair, which allows radical polymerization of unstable monomers to be 
conducted at room temperature.
[17] 
Herein, we report the facile synthesis at room temperature via redox initiated RAFT 
polymerization of single-chain nanoparticle precursors containing well-defined amounts of 
naked, unprotected acetylenic functional groups available for intrachain metal-catalyzed C-C 
coupling. The “self-clickable” nature of the new unprotected propargylic-decorated precursors 
is demonstrated by preparing single-chain nanoparticles from them in a rapid and highly-
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efficient manner, through copper-catalyzed alkyne homocoupling (Glaser-Hay coupling) at 
room temperature under normal air atmosphere.  
 
Experimental Part  
Synthesis of Naked Propargylic Precursors via Redox Initiated RAFT Polymerization  
In a typical procedure, methyl methacrylate (MMA, 1.0 ml, 9.3 mmol), propargyl acrylate 
(PgA, 0.44 ml, 4.0 mmol), 2-Cyanoprop-2-yl-dithiobenzoate (CPDB, 4.1 mg, 1.9 ×10
-2
 
mmol), benzoyl peroxide (BPO, 14.9 mg, 6.2×10
-2
 mmol), N,N-dimethylaniline (DMA, 7.4 
L, 5.8×10-2 mmol) and tetrahydrofuran (THF, 1 mL) were placed in a dry glass tube with a 
septum cap, purged by bubbling argon through the reaction mixture for 15 min and then 
placed in a bath at 25 ºC under magnetic stirring. After 20 h of reaction, the resulting 
P(MMA-co-PgA) copolymer, 1, was recovered by precipitation with methanol (MeOH) and 
dried under dynamic vacuum (Yield: 24%. PgA content: 20 mol%. Weight average molecular 
weight, Mw: 57.9 kDa. Polydispersity index, Mw / Mn: 1.28).  
Synthesis of Single-Chain Nanoparticles via C-C “Click” Chemistry 
Typically, 1 (150 mg, 0.29 mmol of PgA, Mw = 57.9 kDa, Mw / Mn = 1.28) was placed in an 
open 250 mL round bottom flask containing 150 mL of THF at r.t. under stirring. Then, 
copper(I) iodide (CuI, 2.7 mg, 5 mol%), N,N,N,N-tetramethylethylenediamine (TMEDA, 4.3 
L, 10 mol%) and triethylamine (Et3N, 0.12 mL, 3 equiv.) were added and the reaction was 
allowed to proceed for 24 h. Finally, trifluoroacetic acid (TFA, 74 L, 0.87 mmol) was added 
to deactivate the catalyst, the reaction mixture was filtered, concentrated and precipitated with 
MeOH. The resulting nanoparticles, 2, were purified by solution-precipitation cycles and 
finally dried under dynamic vacuum prior to characterization (Yield: 81%. Degree of alkyne 
homocoupling by 
1
H NMR: 86%. Average hydrodynamic radius by DLS: 7 nm).  
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Results and Discussion 
Naked Propargylic Precursors of Single-Chain Nanoparticles 
Synthesis of uniform-in-size single-chain nanoparticles by covalent intrachain crosslinking 
relies in the use of linear precursors of narrow molecular weight dispersity and high intrachain 
reactivity under appropriate reaction conditions.
[8]
 Attempts to synthesize well-defined single-
chain nanoparticle precursors containing MMA and unprotected PgA units through 
conventional, and RAFT copolymerization failed probably as a consequence of the increased 
extension of parasitic side reactions involving the propargylic group at relatively high 
temperature (see Table S1 in Supporting Information, SI). To solve this problem we turned 
our attention to redox initiation systems allowing performing the RAFT process at room 
temperature as depicted in Scheme 1A. Results of redox initiated RAFT copolymerization of 
MMA and PgA at 25 ºC by means of the BPO/DMA redox pair by using CPDB as chain-
transfer agent are illustrated in Figure 1A and Figure 1B (and Figures S1-S3 in SI). First-
order kinetic plots were found for fractional conversion c < 0.3 pointing to a constant 
concentration of radicals in the system (Figure 1A). The range in which copolymerization was 
under control was determined by monitoring the evolution of Mw and Mw/Mn with c as 
illustrated in Figure 1B (and Figure S3). Well-defined statistical P(MMA-co-PgA) 
copolymers with low molecular weight dispersity (Mw/Mn = 1.12 – 1.37) up to a limiting 
molecular weight of Mw ≈ 100
 
kDa were obtained by working at c < 0.3 (see Table S2). Out-
of-control copolymerization was observed at higher conversions (i.e. t > 24 h) leading to 
polydisperse P(MMA-co-PgA) copolymers of very high molecular weight (Mw/Mn > 3, Mw > 
400 kDa) or even to insoluble, crosslinked materials at very high conversion.  
Figure 1C illustrates the 
1
H NMR spectrum of a typical, linear P(MMA-co-PgA) 
precursor, 1, synthesized by redox initiated RAFT polymerization (Mw = 57.9
 
kDa, Mw/Mn = 
1.28). Copolymer sequence effects are clearly seen in Figure 1C for peak f (propargylic 
methylene protons) and peak a (methoxy protons), which splits into a quadruplet and a 
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doublet, respectively. The copolymer composition estimated from the normalized areas of 
peaks b and g in Figure 1C was 19.5 PgA mol%, so 1 was found to be slightly enriched in 
MMA units when compared to the molar fraction of MMA in the feed. Interestingly, the ratio 
of the areas of the peaks at 2.5 ppm (g, acetylenic proton) and 4.57 - 4.68 ppm (f, methylene 
protons of propargylic group) was found to be 1:2 suggesting that alkyne groups remained 
intact upon copolymerization. Additional 
13
C NMR measurements showed no peaks in the 
120-135 ppm region arising from branched PgA units (see Figures S4 and S5). Accurate 
control over the composition, molecular weight and polydispersity of linear P(MMA-co-PgA) 
copolymers was obtained by working up to a maximum polymerization time of 20 h, and a 
maximum PgA monomer in the feed of 35 mol%. 
Single-Chain Nanoparticles via C-C “Click” Chemistry 
As schematically depicted in Scheme 1B, “self-clicked” intrachain crosslinked nanoparticles, 
2, can be prepared in a facile manner from the naked, propargylic-decorated precursors, 1, via 
intramolecular copper-catalyzed carbon-carbon coupling (Glaser-Hay coupling). To guarantee 
individual nanoparticle formation through irreversible intrachain crosslinking of the linear 
P(MMA-co-PgA) precursor chains, the C-C “click” reaction was conducted under diluted 
conditions. After a careful screening of reaction conditions based on alkyne homocoupling of 
low molecular weight model compounds, nanoparticle synthesis was performed in THF under 
an atmosphere of normal air at 25ºC in the presence of Et3N and by using catalytic amounts of 
CuI and TMEDA. Under such conditions, terminal aliphatic alkynes provide the 
corresponding diynes in 20 h with good to excellent yields (80-92 %).
[18]
   
The irreversible chain collapse accompanying nanoparticle formation was monitored 
by SEC with MALLS and RI detectors providing “ actual” values of Mw and its distribution 
as a function of SEC retention time, tR (see Figure 2A). When the values of tR corresponding 
to a linear precursor chain, 1, and a single-chain nanoparticle, 2, both of exactly the same Mw 
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were compared, an increase in retention time (tR ≈ 0.22 min.) and, hence, a decrease in 
hydrodynamic size (DH  1/tR) was systematically observed for 2 suggesting the presence of 
significant intramolecular collapse. Alternatively, for identical hydrodynamic size values (i.e. 
identical tR values) 2 showed a Mw value which was typically 45% higher than that of a linear 
precursor chain 1 eluting at exactly the same tR, as a consequence of its internally crosslinked, 
compact structure when compared to the random coil precursor chain. After 24 h of reaction 
time, chain collapse of 1 was completed since no further change was observed by SEC at 
longer reaction time (see Figure S6). Prior to isolation of 2 by concentration of the reaction 
mixture and further precipitation in MeOH, catalyst deactivation by acid addition was 
performed to suppress potential intermolecular crosslinking between residual propargylic 
groups of different nanoparticles. Upon drying, 2 was found to be soluble in common organic 
solvents such as THF, chloroform and dimethyl formamide. The average hydrodynamic size 
of 2 was found to be 7 nm, as determined by dynamic light scattering (see Figure S7). 
The extent of intrachain C-C coupling in the single-chain nanoparticles was 
investigated qualitatively by IR spectroscopy
 
and quantitatively by
 1
H NMR spectroscopy. 
FTIR results shown in Figure 2B show the presence of a new, sharp vibration band at 1685 
cm
-1
 in 2 which can be attributed to diyne-bonded carbonyl groups,
[19]
  as well as the almost 
complete disparison of the vibration bands at 3272 and 677 cm
-1
 corresponding to C-H 
stretching and C-H bending, respectively. Upon intrachain crosslinking of 1 a clear 
broadening in all 
1
H NMR signals was observed (see Figure 2C) which was accompanied by 
a decrease in the relative intensity of some bands. Two effects are responsible for this 
behavior: i) intramolecular crosslinking (e.g. affecting peak g) and ii) insolubilization of a 
fraction of groups, those placed at the inner part of the single-chain nanoparticle (e.g. 
affecting peak b). Based on the residual intensity of the peak g (C-H) relative to the intensity 
of peak f (-CH2-C), the degree of alkyne homocoupling in 2 was found to be 86%.  
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Conclusion 
Successful synthesis of well-defined naked, propargylic-decorated single-chain nanoparticle 
precursors (Mw / Mn = 1.12 - 1.37, up to Mw = 100 kDa) via redox initiated RAFT 
polymerization at r.t. has been demonstrated. The versatility of such “self-clickable” P(MMA-
co-PgA) precursors has allowed for the first time the facile and highly-efficient preparation at 
r.t. under normal air atmosphere of uniform single-chain nanoparticles through intrachain C-C 
“click” chemistry. Work is currently underway in our laboratory to explore the full 
possibilities of these self-clickable materials. 
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Schemes 
 
 
Scheme 1. A) Redox initiated RAFT copolymerization of MMA and PgA at 25ºC. B) Single-
chain nanoparticle construction at 25ºC under normal air atmosphere from naked P(MMA-co-
PgA) precursors via C-C “click” chemistry (Glaser-Hay coupling). 
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Figure 1. Redox initiated RAFT copolymerization of MMA and PgA at 25 ºC: A) Kinetic 
plot (closed symbols) and evolution of the polydispersity index (Mw/Mn) with reaction time 
(open symbols) for [MMA] / [PgA] = 2.3. B) Evolution of weight average molecular weight 
(Mw) with fractional conversion for: [MMA] / [PgA] = 2.3 (circles), and [MMA] / [PgA] = 4 
(triangles). C) 
1
H NMR spectrum of linear P(MMA-co-PgA) precursor 1 (Mw = 57.9
 
kDa, 
Mw/Mn = 1.28). 
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Figure 2. Single-chain nanoparticles, 2, synthesized via C-C “click” chemistry from P(MMA-
co-PgA) precursor 1: A) Actual Mw data and molecular weight distribution of 1 (blue line) 
and 2 (red line). B) IR spectra of 1 (blue line) and 2 (red line). C) 
1
H NMR spectrum of 2 (see 
peak assignation in Fig. 1C).  
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A. Materials 
Methyl methacrylate (MMA) (99%), propargyl acrylate (PgA) (98%), azobis(isobutyronitrile) 
(AIBN) (98%), benzoyl peroxide (BPO) (75 %, remainder water), N,N-dimethylaniline 
(DMA) (99%), N,N,N,N-tetramethylethylenediamine (TMEDA) (≥99.5%), copper(I) iodide 
(CuI) (≥99.5%), triethylamine (Et3N) (≥99.0%), trifluoroacetic acid (TFA) (99%) and 
deuterated chloroform (CDCl3) (99.96 atom % D, containing 0.03 % (v/v) tetramethylsilane, 
TMS) were purchased from Aldrich and used, unless specified, as received. Methanol 
(MeOH) (synthesis grade) and tetrahydrofuran (THF) (HPLC grade) were purchased from 
Scharlab. 2-Cyanoprop-2-yl-dithiobenzoate (CPDB) was purchased from Strem Chemicals. 
MMA and PgA were purified by passing through neutral alumina. AIBN was recrystallized 
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from MeOH prior to use. BPO was purified by dissolving in CHCl3 at room temperature and 
adding an equal amount of MeOH. 
B. Characterization 
Fractional conversion was determined by gravimetric measurements as the ratio of the weight 
of copolymer to the weight of monomers in the feed. 
1
H NMR and 
13
C NMR spectra were 
recorded at room temperature on a Bruker spectrometer operating at 300 MHz using CDCl3 as 
solvent. SEC measurements were performed at 30 ºC on an Agilent 1200 system equipped 
with PLgel 5m Guard and PLgel 5m MIXED-C columns, a differential refractive index 
(RI) detector (Optilab Rex, Wyatt) and a multi-angle laser light scattering (MALLS) detector 
(Minidawn Treos, Wyatt). Data analysis was performed with ASTRA Software from Wyatt. 
THF was used as eluent at a flow rate of 1 ml / min. IR spectra were acquired in a Jasco 6300 
FTIR spectrometer. Hydrodynamic radius measurements were performed in THF on a 
Malvern Zetasizer Nano ZS apparatus. 
C. Supplementary Data 
Table S1. Molecular weight characteristics of P(MMA-co-PgA) copolymers synthesized by 
different polymerization techniques. 
Polymerization  Reaction conditions Mw (kDa) Mw/Mn 
Free radical,  
conventional initiator 
AIBN, [MMA]/[PgA]=1.4,  
T=65ºC, t=24 h  
Crosslinked 
material 
- 
RAFT, 
conventional initiator 
AIBN, CDTC, [MMA]/[PgA]=1.4, 
T=65ºC, t=24 h  
639.6 9.9 
RAFT, 
redox initiated 
BPO/DMA, CDTC, [MMA]/[PgA]=1.4,   
T=25ºC, t=24 h 
127.9 3.22 
RAFT, 
redox initiated  
BPO/DMA, CDTC, THF, [MMA]/[PgA]=2.3,   
T=25ºC, t=6 h 
37.8 1.25 
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Figure S1. SEC traces as a function of reaction time during copolymerization of MMA and 
PgA ([MMA] / [PgA] = 2.3) via redox initiated RAFT polymerization at 25ºC. 
 
 
 
Figure S2. Dependence of Mn on fractional conversion for copolymerization of MMA and 
PgA via redox initiated RAFT polymerization at 25ºC ([MMA] / [PgA] = 2.3). Continuous 
line is the theoretical Mn vs. c. 
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Figure S3. Dependence of  Mw/Mn on fractional conversion for copolymerization of MMA 
and PgA via redox initiated RAFT polymerization at 25ºC for [MMA] / [PgA] = 2.3 (circles) 
and [MMA] / [PgA] = 4 (triangles). 
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Table S2. Data of P(MMA-co-PgA) copolymers synthesized in a series of different 
polymerization reactions, displaying narrow molecular weight dispersity, Mw / Mn = 1.12 - 
1.37 up to Mw ~ 100 kDa. fPgA is the PgA mol% in the copolymer as determined by 
1
H NMR 
spectroscopy, and c the fractional conversion as determined by gravimetric measurements. 
fPgA c Mw (kDa) Mw/Mn 
13 0.05 16.8 1.12 
13 0.27 99.1 1.37 
18 0.08 30.8 1.26 
19 0.13 37.8 1.25 
20 0.15 33.2 1.16 
20 0.24 57.9 1.28 
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Figure S4. 
13
C NMR spectrum of linear P(MMA-co-PgA) precursor 1 synthesized via redox 
initiated RAFT polymerization at 25 ºC (Mw = 57.9
 
kDa, Mw/Mn = 1.28). 
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Figure S5. Predicted 
13
C NMR spectrum of a branched copolymer containing MMA and 
monosubstituted PgA units. Note the strong, very intense signals appearing at 130.6 and 131.6 
ppm (from vinylic protons), as well as those at 61.2 and 31.7 ppm (both from methylene 
protons) which are not present in Figure S4. 
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Figure S6. SEC traces as a function of reaction time during intrachain crosslinking of linear 
P(MMA-co-PgA) precursor 1 via metal-catalyzed carbon-carbon coupling.  
 
Figure S7. Size distribution by DLS of single-chain nanoparticles 2 synthesized by intrachain 
crosslinking of linear P(MMA-co-PgA) precursor 1 via metal-catalyzed carbon-carbon coupling.   
 
 
 
 
